Porous polymer networks (PPNs) are a class of porous materials of particular interest in a variety of energy-related applications because of their stability, high surface areas, and gas uptake capacities. Computationally derived structures for five recently synthesized PPN frameworks, PPN-2, -3, -4, -5, and -6, were generated for various topologies, optimized using semiempirical electronic structure methods, and evaluated using classical grand-canonical Monte Carlo simulations. We show that a key factor in modeling the methane uptake performance of these materials is whether, and how, these material frameworks interpenetrate and demonstrate a computational approach for predicting the presence, degree, and nature of interpenetration in PPNs that enables the reproduction of experimental adsorption data. a All materials exhibit unit-cell angles of α = β = γ = 90°. b [n] indicates n-fold interpenetrated.
■ INTRODUCTION
Gas storage and separation is of increasing importance to the development of new and cleaner energy technologies, with the storage of natural gas for motor vehicles and carbon dioxide capture 1−3 being flagship examples. Selective and efficient adsorbents based on porous media represent one class of possible technology-enabling materials. While several classes of adsorbents have established applications in large-scale processes (e.g., activated carbon or zeolites), recent efforts in chemical synthesis have produced a large range of novel materials, such as porous polymer networks (PPNs) (or porous aromatic frameworks, PAFs 4, 5 ) and metal−organic frameworks (MOFs).
One key aspect of these new classes of materials is that their structures can be tailored for specific applications. 6 With the rapid growth of available computing power, the process of simulating hypothetical structures and using these simulations to predict experimental isotherms has taken the lead in aiding both the rational design of new materials and better characterization of existing materials. 7 One class of materials that has been more difficult to characterize because it forms an amorphous powder, PPNs, has shown potential for carbon dioxide capture 8, 9 and high-pressure gas storage. 10, 11 PPNs are of particular interest because they combine the advantages of inexpensive and stable polymers with those of ultrahigh-surfacearea MOFs and can thus be targeted for vehicular methane storage applications. 12 Although computer simulations can be used to predict isotherms with an accuracy similar to that of experiment, computer-aided rational design of new materials and better characterization of existing materials 7 depend largely on generating models with the correct geometrical and physical parameters. This task is not straightforward in the case of PPN/ PAF materials, because such materials do not have well-defined crystal structures. However, it is important to note that PPNs are very different from amorphous polymers, because shortrange order can be expected in these materials, as has been demonstrated for PAF-1. Short-range order in PAF-1 can be approximated with a crystalline model, which has been shown to enable the accurate simulation of nitrogen adsorption. 4 However, an amorphous model can also enable close reproduction of experimental measurements. 13 In this work, we aim to show that, although multiple distinct models for an individual porous polymer can produce similar data, the explicit consideration of interpenetrated network structures (i.e., one or more nested networks) is necessary for PPNs that exhibit large pores.
Framework interpenetration 14 (interweaving or catenation 15 ) is typically considered as a negative agent in crystal engineer-ing, 16, 17 because it results in a reduction of accessible pore volume and an increase in framework density. However, from a gas storage and separation point of view, these are two opposing factors that can be controlled to obtain materials with the optimal performance; increasing the framework density can create more adsorption sites but can also decrease the number of molecules that can be adsorbed. 16, 17 Therefore, it is important to control the level of interpenetration and, thereby, the porosity of a material, as it can potentially improve performance. For instance, Yang et al. synthesized a partially interpenetrated MOF exhibiting the unusual property of increased selectivity for carbon dioxide. 18 An important design target for vehicular methane storage applications is achieving a balance between the competing objectives of gravimetric and volumetric storage, to achieve an optimal material. Variation of temperature and concentration during synthesis and utilization of liquid-phase epitaxy on an organic template are some of the common procedures employed to control interpenetration. 16, 17 At present, there is very little quantitative understanding of whether a given material will interpenetrate. Herein, we describe a model that can be used to predict the degree and exact mode of interpenetration in PPNs and validate our predictions against experimental data. Our model, through explicit consideration of the effects of interpenetration, can lead to more efficient design of next-generation porous polymer materials.
■ METHODS
The five PPNs examined in this work were synthesized through the self-assembly of tetrahedral substrates (Figure 1 ). Following the work of Ben et al., 4 we assume short-range order in these structures. As a result, the materials are modeled by small ordered fragments with periodic boundary conditions, making the models equivalent to idealized crystal structures. Porous frameworks made up of tetrahedral building units can exhibit a variety of net topologies; 19 of these, the diamond net (RCSR 20 symbol dia) exhibits the highest symmetry (transitivity 1111), and accordingly, it has been demonstrated to be, by far, the most prolific. 21, 22 Therefore, we model PPN materials using the dia topology; 10 however, we also consider alternative, lowersymmetry topologies arising from tetrahedral building units, namely, sod (1121) and lon (1222), with results for these alternative nets provided in the Supporting Information. The structure models of each PPN were created by repeating the unit of the monomer molecule according to the underlying topology, and in the cases of PPN-3−PPN-6, removing the bromo substituents to accurately represent the reaction conditions ( Figure 1 ).
At present, experimental methane adsorption data exist only for PPN-2, -3, and -4. Despite the significant similarity among these materials, adsorption experiments indicate significantly lower surface area and uptake in PPN-3 compared to PPN-4, an effect further exaggerated in PPN-2 and speculated to be due to interpenetration of PPN-3 and PPN-2. 10 Indeed, whereas noninterpenetrated models, either crystalline 4 or amorphous, 13 can reproduce the experimental data for PPN-4, we found in this work that noninterpenetrated structure models for PPN-3 cannot reproduce the experimental isotherms (see Results and Supporting Information for sod and lon nets). Hence, we explore the hypothesis that certain PPNs interpenetrate and, in particular, that the specific nature or mode of framework interpenetration is important in reconciling experimental methane adsorption behavior with that achieved from simulation.
Crystalline materials exhibiting the dia net are known to produce equally spaced nets upon interpenetration (i.e., maximal crystallographic symmetry, dia-c net). 23 However, in the case of PPN-3, we found that assuming this model does not improve the fit to the experimental behavior and, indeed, results in starkly different performance ( Figure 2b ). Specifically, the equally spaced nets in the dia-c model result in overlapping potentials and binding interactions and, hence, noticeably higher methane uptake at low pressure with respect to the dia net, a phenomenon that clearly is absent from the experimental results. Hence, we conclude that the structure of PPN-3 must exhibit a lower pore volume than the dia net to match the saturation loading from experiment, but must not exhibit greater solid-methane interactions (vdw potential overlap), as this would enhance the uptake at the lower pressures. Therefore, a systematic computational search of possible modes of interpenetration of dia net models was conducted to evaluate alternative interpenetrated structures. We note that the sod and lon nets are mathematically precluded from selfinterpenetration because they are not self-dual, and they were therefore omitted from this search.
An exhaustive search of possible interpenetrated dia networks for each PPN was conducted. Interpenetrated frameworks were generated computationally by duplicating the underlying net and positioning it with a particular geometric shift relative to the original; each permissible shift (i.e., shifts resulting in atomic collisions between nets were rejected as described in the Supporting Information) in the Cartesian axes to a 1-Å resolution was performed independ- ently, taking into account the periodic boundary conditions. Each interpenetrated structure was optimized by the semiempirical PM6-DH2 method. 24, 25 (We note that, to permit full, independent relaxation of the atomic positions in each net, all structures were modeled with the P1 space group.) For each interpenetration model, the resulting framework stability was analyzed; the most stable interpenetrated framework was considered to be the most probable and was selected.
We observed that, for each PPN, the selected, lowest-energy structure represents a close geometrical arrangement of networks, wherein the van der Waals interactions between each network are maximized. We note that this arrangement of nets is in stark contrast to the dia-c model of equally spaced nets observed for crystalline interpenetrating materials. 23 All interpenetrated structures considered in the following discussion were fully optimized using such a geometry as the starting point; crystallographic atom coordinate data in .cif format are provided in the Supporting Information.
Geometric analysis of each PPN was conducted using the Zeo++ software suite. 26 The selected, lowest-energy interpenetrated framework arrangement was also observed to exhibit the lowest probe-accessible surface area. Accordingly, identification of low-surface-area network arrangements is postulated as an efficient computational method for identifying energetically favorable interpenetrated states in PPN materials.
It has been observed that, in crystalline materials of the pcu net, there is a direct relationship between net edge length (i.e., pore size) and propensity for interpenetration. 27 A similar argument is proposed here. The restricting pore diameters of each material were calculated assuming the van der Waals radii of each atom and rigid structures ( Table 1) . PPN-3, by comparison to PPN-4−PPN-6, exhibits a significantly larger restricting pore diameter, whereas its monomer, comprising an adamantane core, is not significantly larger. Hence, the larger pore diameter-to-monomer ratio in PPN-3 is postulated to indicate greater ease and likelihood of interpenetration in PPN-3 compared to PPN-4−PPN-6. This effect is further exaggerated in PPN-2 because its restricting pore diameter is over 9 Å greater than that of PPN-3, whereas its monomer is only slightly larger (Figure 1 ). Hence, multiple levels of interpenetration might occur in PPN-2. PPN-2 structures with increasing levels of interpenetration were generated following the above procedure (Table 1) , and it was observed that the restricting pore diameter for a 4-fold interpenetrated PPN-2 is still larger than that of interpenetrated PPN-3. We therefore postulate that at least 5-fold interpenetration for PPN-2 is achievable.
Methane adsorption for each PPN was analyzed by grandcanonical Monte Carlo simulations (details are provided in the Supporting Information). Simulation results are illustrated in Figure 2 ; as can be observed, noninterpenetrated structures, exhibiting larger pore volumes, consistently exhibit higher capacities to adsorb methane than corresponding interpenetrated structures, which is consistent with the literature. 28 Table 2 summarizes the structural properties of each PPN. Pore volumes were obtained from nitrogen adsorption isotherms at 77 K, from either experiment or simulation. 
■ RESULTS
For PPN-4, the simulated methane adsorption isotherm of the noninterpenetrated structure compares favorably with the experimental data (Figure 2a ). This suggests that the experimental structure is well-modeled by the noninterpenetrated dia net. Furthermore, it was observed that the pore volume of the noninterpenetrated dia structure differs by only 5% from experiment (Table 2) . Indeed, our calculations show that the restricting pore diameter of the underlying PPN-4 net is too small for the constituent monomer to diffuse (Table 1; see Methods); accordingly, interpenetration is less likely in this material. We re-emphasize that dia is not the only possibility for PPN-4, because the sod and lon nets also produce good agreement with experiment (Supporting Information), as do amorphous models. 13 Because the restricting pore diameters of PPN-5 and -6 are comparable to that of PPN-4 and the experimentally determined pore volumes are in good agreement with those calculated for noninterpenetrated structures, we conclude that the real structures of PPN-5 and -6 are likely to be noninterpenetrated. Hence, although no experimental methane adsorption data are available for these materials, we postulate that they exhibit methane adsorption behavior corresponding to the noninterpenetrated frameworks in the Supporting Information.
In contrast, the restricting pore diameter of PPN-3 is larger, and the simulated pore volume of the noninterpenetrated PPN-3 structure model is much higher than the pore volume measured by experiment ( Table 2) , factors that suggest interpenetration. However, the interpenetrated structure exhibits a slightly lower pore volume than the experimental measurement. Considering that no residual bromine was detected in the synthesized materials, 10 we do not consider the small discrepancy in pore volume to be caused by incomplete network formation (e.g., structural vacancies). Rather, we hypothesize that the real, noncrystalline structure is partially interpenetrated, 18 comprising both interpenetrated and noninterpenetrated regions. By interpolating the N 2 pore volumes reported in Table 2 , the real PPN-3 structure is estimated to be approximately 72% interpenetrated. Comparison of methane adsorption data reinforces this hypothesis: The simulated noninterpenetrated structure substantially overpredicts the experimental methane adsorption isotherm, and the experimental behavior is seen to be closer to that of the interpenetrated state. Moreover, by taking a weighted average of simulated isotherms, 0.72 interpenetrated and 0.28 noninterpenetrated, we observed good agreement with experiment, particularly at lower pressures, leading us to conclude that this is the likely scenario (Figure 2b) .
Finally, we found that the experimental pore volume of PPN-2 lies between those of the 5-and 6-fold interpenetrated structures. Pore analysis indicated that at least 5-fold interpenetration was likely to be achievable (see Methods), and these observations were reinforced by agreement between the isotherms for the 5-and 6-fold interpenetrated structures and experiment (Figure 2c ). As found for PPN-3, the best match for PPN-2 is a combination of two interpenetration levels; in this case, 5.41-fold interpenetration is suggested as the most likely structure.
■ DISCUSSION
It is important to recall that, in this work, we have modeled PPNs as (pseudo)crystalline materials. Experimental results for PAF-1 (PPN-6), in particular, powder X-ray diffraction, suggest little long-range order. The fact that we obtain such good agreement with the experimental data (e.g., PPN-4, and PPN-3), using a force field that has been validated on other materials, illustrates that modeling these materials as (pseudo)crystalline is a reasonable approximation. Similarly, transmission electron microscopy images indicating a uniform pore diameter, infrared spectra indicating no C−Br bonds (i.e., no incomplete polymerization), and fitting to the experimental density and N 2 adsorption isotherm allowed Ben et al. to develop a crystalline model of PAF-1. 4 However, as indicated by Trewin and Cooper, 13 other noncrystalline structure models can be proposed with similar densities and low C−Br bond contents. Clearly, further experimental data are necessary before a definitive statement can be made regarding the underlying structure of these materials, and we are hopeful that future experimental work can shed some light on this important question. Nevertheless, the fact that both the work of Ben et al. and the present work provide reasonable agreement gives us some confidence in our models.
In addition, our structure models are based on further assumptions such as that the structures exhibit no defects. In reality, this is not likely to be the case. For example, structures with partial interpenetration, as predicted for PPN-3, can be realized only as a system comprising an interpenetrated array of two defective (incomplete) nets.
Finally, we note that, in the absence of further experimental data for these materials, it is not possible to state definitively that all considered materials exhibit the dia net (transitivity 1111). For instance, lower-symmetry topological models based on tetrahedral vertices were also investigated (sod, transitivity 1121, and lon, transitivity 1222; see Supporting Information). However, despite similarities in methane uptake among the noninterpenetrated dia, sod, and lon models, we emphasize that sod and lon nets are not self-dual and are therefore mathematically precluded from self-interpenetration. Hence, it is not possible to reproduce the adsorption performance of either PPN-3 or PPN-2 using these alternative topologies, whereas the dia net models consistently enable reproduction of experimental data. 
■ CONCLUSIONS
We have presented a computational procedure by which the methane adsorption performance of PPN materials can be evaluated through (pseudo)crystalline structure models with appropriate consideration of low-symmetry interpenetration. We have shown that the likelihood of interpenetration in PPNs can be estimated based on restricting pore diameters; moreover, the structure of the interpenetrated state can be identified through a systematic computational analysis of the space of possible framework interpenetrations. Consistent with the hypothesis and conclusions from pore diameter and volume calculations, agreement between simulated and experimental isotherms confirms our claim regarding the real PPN-2, -3, and -4 structures. Furthermore, although noncrystalline, it has been shown that PPNs can be modeled successfully as crystal structures in grand-canonical Monte Carlo simulations. Very good agreement between simulation and experimental data was observed; it was shown that the likely structures of PPN-4, -5, and -6 are those of the noninterpenetrated form, whereas PPN-3 is mostly of the interpenetrated form (0.72-fold) and PPN-2 is likely to exhibit multiple levels (5.41-fold) of interpenetration.
Our model is able to predict the maximum level of interpenetration. In practical terms, these results imply that the experimental isotherm will be bracketed by the isotherms predicted for this maximum level and one level lower. For many practical applications, such accuracy is sufficient to make a reasonable prediction of the performance of the material and can therefore lead to the design of improved materials for targeted applications.
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